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REMARKS 

I. Introduction 

In response to the pending Office Action, Applicants have incorporated a limitation of 
claim 2 into claim 1 . In addition, new claim 9 has been added. Claim 2 has been cancelled, 
without prejudice. Claims 3, 4 and 6-8 have been amended to overcome § 1 12 rejections and to 
correct claim dependency. Figs. 23-26 have been amended to include the legend "Prior Art". 
No new matter has been added. 

Applicants respectfully submit that all pending claims as currently amended are 
patentable over the cited prior art. 

II. The Rejection Of Claims 1-4, 7 And 8 Under 35 U.S.C. 8 112 

Claims 1-4, 7 and 8 stand rejected under 35 U.S.C. § 1 12, second paragraph, for being 
indefinite. The claimed limitations of "silicon", "the silicon" and "germanium" were unclear as 
to which of these elements they referred. 

In response, Applicants have amended claim 1 to recite "where a composition ratio of the 
germanium to the silicon in the composition-ratio graded base layer varies in a thickness 
direction of the composition-ratio graded base layer" and claims 3 and 7 to include the term 
" silicon-germanium " to clarify the claims. As such, Applicants respectfully request that the § 
1 12 rejection be withdrawn. 

III. The Rejection Of Claims 1-4, 7 and 8 Under 35 U.S.C. § 103 

Claims 1-4, 7 and 8 stand rejected under 35 U.S.C. § 103(a) as being unpatentable over 
the Applicant's Admitted Prior Art ("AAPA"). Applicants respectfully traverse this rejection of 
the pending claims for at least the following reasons. 
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Amended independent claim 1 recites a bipolar transistor comprising a substrate, a 
intrinsic base region having a silicon buffer layer comprised of silicon which is formed on said 
substrate, and a composition-ratio graded base layer which is formed on the silicon buffer layer 
and comprises silicon and at least germanium. The composition ratio of the germanium to the 
silicon in the composition-ratio graded base layer varies in a thickness direction of the 
composition-ratio graded base layer. An extrinsic base region having an extrinsic base formation 
layer is comprised of silicon which is formed on the substrate and adjacent to the silicon buffer 
layer. In addition, a thickness of the extrinsic base formation layer is substantially equal to a 
thickness of the silicon buffer layer, each of the extrinsic base formation layer and the silicon 
buffer layer has a thickness of not less than 40nm, and a surface of the extrinsic base formation 
layer is silicided. 

It is alleged that the AAPA, in Fig. 24, teaches that a surface of the extrinsic base 
formation layer is silicided. However, as can be seen in Fig. 24, the extrinsic base formation 
layer 113, which is formed concurrently with the silicon buffer layer 109 of the intrinsic base 
region 106, is covered with the second 114, third 115 and fourth 116 layers. Only the fourth 
layer 1 16 is silicided with a silicon layer 108. In contrast, as shown in Fig. 2 of the drawings, the 
extrinsic base formation layer 1 13 is silicided with a Co silicide layer 19. As such, the AAPA 
does not disclose that a surface of the extrinsic base formation layer is silicided. 

Moreover, it is also admitted that the AAPA does not disclose that each of the extrinsic 
base formation layer and the silicon buffer layer has a thickness of not less than 40 nm. 
However, it is alleged that it would be obvious for one skilled in the art to have each of the 
extrinsic base formation layer and the silicon buffer layer have a thickness of not less than 40 
nm. Applicants respectfully disagree. 
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It is well known in the art that commonly, a thickness of a silicon buffer layer 109 is set 
to about 10 nm to 20 nm. For example, as discussed in paragraph [0090] the present 
specification: 

"The Si buffer layer 109 of the bottom layer in the intrinsic 
base region 1 1 does not function as device but is purposed to 
stabilize crystal growth of the non-dope SiGe spacer layer 1 10, as 
an upper layer of the Si buffer layer 109. So, thickness of the Si 
buffer layer 109 of approximately lOnm to 20nm is generally 
considered enough to fulfill its function." 

As a further example of support that the thickness of the Si buffer layer is typically about 
10-20 nm, Attachment 1 - "On the Potential of SiGe HBTs for Extreme Environment 
Electronics" (p. 1562) is included with this Amendment. As is shown in the document, one role 
of the Si buffer layer is to cover contamination on a Si substrate surface to epitaxially grow a 
high quality SiGe crystal stably. While a thick layer is favorable, all that is needed to 
accomplish this is several nm of thickness. 

However, another role of the Si buffer is to insert a non-doped high-resistance layer 
between a SiGe base and a Si collector (inside substrate) to reduce a base-collector electric field 
and increase voltage resistance of a transistor. Since the voltage resistance of the transistor 
increases as the thickness of the Si buffer layer increases, the travel distance of the electrons 
increases as well, resulting in a slow operation speed. Commonly, the trade off between the two 
conflicting roles lies in a Si buffer thickness of 10-20 nm. 

In contrast, the present disclosure features that the thickness of the extrinsic base 
formation layer is specifically verified, thereby leading to a thickness much different than that of 
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conventional silicon layers, as discussed in paragraphs [0090]-[0098] of the specification. Thus, 
the above-mentioned conventional thickness does not apply. As such, it is only in view of 
improper hindsight reasoning from a review of the specification that the Examiner would find 
that a skilled artisan would choose thicknesses as recited in claim 1 of the present disclosure. 
Accordingly, the AAPA fails to disclose all of the limitations of claim 1 . 

In order to establish prima facie obviousness of a claimed invention, all the claim 
limitations must be taught or suggested by the prior art. As is clearly shown, the AAPA does not 
disclose a bipolar transistor comprising an extrinsic base region having an extrinsic base 
formation layer comprised of silicon which is formed on said substrate and adjacent to the silicon 
buffer layer, wherein a thickness of the extrinsic base formation layer is substantially equal to a 
thickness of the silicon buffer layer, and each of the extrinsic base formation layer and the silicon 
buffer layer has a thickness of not less than 40nm. Accordingly, Applicants submit that the 
AAPA does not render claim 1 of the present disclosure obvious and as such, claim 1 is 
patentable and allowable over the cited prior art. Accordingly, Applicants respectfully request 
that the § 103(a) rejections of claim 1 be withdrawn. 

IV. All Dependent Claims Are Allowable Because The 

Independent Claim From Which They Depend Is Allowable 

Under Federal Circuit guidelines, a dependent claim is nonobvious if the independent 

claim upon which it depends is allowable because all the limitations of the independent claim are 

contained in the dependent claims, Hartness International Inc. v. Simplimatic Engineering Co., 

819 F.2d at 1 100, 1 108 (Fed. Cir. 1987). Accordingly, as claim 1 is patentable for the reasons 

set forth above, it is respectfully submitted that all pending dependent claims are also in 

condition for allowance. 
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V. Conclusion 

Having folly responded to all matters raised in the Office Action, Applicants submit that 
all claims are in condition for allowance, an indication of which is respectfully solicited. 

To the extent necessary, a petition for an extension of time under 37 C.F.R. 1.136 is 
hereby made. Please charge any shortage in fees due in connection with the filing of this paper, 
including extension of time fees, to Deposit Account 500417 and please credit any excess fees to 
such deposit account. 



Respectfully submitted, 
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"Extreme environments" represents an important niche market 
for electronics and spans the operation of electronic components in 
surroundings lying outside the domain of conventional commercial, 
or even military, specifications. Such extreme environments would 
include, for instance, operation to very low temperatures (e.g., to 
77 K or even. 4.2 K), operation at very high temperatures (e.g.. to 
200 °Cor even 300 ° C), and operation In a radiation-rich environ- 
ment (e.g., space). We argue that the unique bandgap-englneered 
features of silicon-germanium hetemjunctlon bipolar transistors 
offer great potential to simultaneously satisfy all three extreme en- 
vironment applications, potentially with little or no process modi- 
fication, ultimately providing compelling cost advantages at the IC 
and system level. 

Keywords — Cryogenic temperatures, extreme environments, 
high temperatures, radiation, silicon-germanium heterojunction 
bipolar transistor (SiGe HBT), silicon-germanium (SiGe). 



I. Introduction 

During the past several years, silicon-germanium het- 
erojunction bipolar transistor (SiGe HBT) technology has 
entered the global semiconductor electronics market with 
a bang, and SiGe HBT technologies are being increasingly 
deployed by a host of companies in the North America, 
Europe, and the Far East for a wide variety of commu- 
nications circuit applications [1J. Progress in SiGe HBT 
device performance has proceeded at a truly dizzying pace. 
Unlike for CMOS technology "nodes," which are based 
solely on lithographic gate length dimensions, SiGe HBTs, 
being vertical transport devices whose overall performance 
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Representative SiOe HBT Parameters for Three Distinct Side HBT 
BiCMOS Technology Generations 
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Fig. I. Unity-gain cutoff frequency as a function of bias 
current for four generations of commercially available SiGe HBT 
technology. 

is more closely tied to the vertical profile (and the resultant 
Ge profiles used), are more conveniently defined by their 
transistor-level maximum small-signal frequency response. 
Hence, a first-generation SiGe HBT has a peak unity-gain 
cutoff frequency of about 50 GHz, a second-generation 
SiGe HBT has a peak f T of 100-120 GHz, and a third-gen- 
eration SiGe HBT has a peak f T in the 200-GHz range, as 
detailed in Table 1 and Figs. 1 and 2 [2]. The record peak 
fx at the research level is at present above 350 GHz [3), 
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Fig. 2. Measured maximum oscillation frequency versus cutoff 
frequency for a variety of SiOe HBT technology generations. 

and there is no immediate end in sight to this dramatic rise 
in device-level performance. Commercial SiGe HBTs offer 
transistor- level performance metrics which are quite compet- 
itive with the best III-V technologies (GaAs or InP). while 
maintaining strict fabrication compatibility with low-cost, 
high-yield Si CMOS foundry processes on large (200-mm 
and soon 300-mm) wafers. Thus, SiGe HBT technology 
effectively marries III-V-like device performance with the 
compelling economy of scale of Si IC manufacturing. 

Robust (meaning manufacturable, at high yield) first-gen- 
eration SiGe HBT technologies exist in upwards of two 
dozen companies worldwide (e.g., [4]), second-generation 
SiGe technologies in eight to ten companies (e.g., [5]), 
and third-generation SiGe technologies in four to five 
companies (e.g., [6]). The first prototype fourth-generation 
(300 GHz / T + 300 GHz / max ) SiGe technology has 
been reported in 2004 [7]. The numbers of SiGe "players" is 
climbing rapidly worldwide. As almost universally practiced 
today, SiGe technology exists in a BiCMOS implementation 
(SiGe HBT + Si CMOS), and as an "adder" module to 
a core CMOS technology, which conveniently facilitates 
using the SiGe HBT where it offers the most advantage 
(i.e., in analog, RF, microwave, and very high speed digital 
circuits), and using the Si CMOS to its strongest advantage 
in highly integrated, lower performance memory and circuits 
(e.g., as might be found in baseband processing for wireless 
transceiver applications) [8], At present, the commercial ap- 
plications of SiGe HBT BiCMOS technology rest squarely 
in the domain of "mixed-signal" ICs, which in general 
incorporate analog and RF/microwave/millimeter-wave 
circuit functions, and the required passive elements and 
interconnects to implement them, together with highly 
integrated digital circuit functionality, presumably within 
the same IC technology (in this case, SiGe HBT BiCMOS), 
anil perhaps even on the same die, to cost-effectively realize 
either system-on-a-chip (SoC) or system-in-a-package (SiP) 
solutions. The commercial market for such mixed-signal 
ICs is exploding, in the ever-expanding quest to build the 
requisite electronic infrastructure for the emerging 21st 
century communications revolution. 



II. Extreme Environment Electronics 

Given this highly encouraging picture of the maturation 
and deployment of SiGe ICs in a variety of commercial com- 
munications applications, and its emerging pervasiveness in 
the electronics industry as a whole, it becomes very logical to 
wonder if SiGe technology can be simultaneously extended 
to support an even wider class of electronics applications, 
so-called niche applications for which market volume may 
in fact be small, but whose end users are nevertheless very 
important, and the value-add of the electronic components 
can be substantial Such niche applications can often place 
much more demanding constraints on the electronic compo- 
nent building blocks than faced by commercial IC manufac- 
turers, and hence often require significant modification of the 
standard foundry IC processes, at a very large and highly un- 
desirable cost 

"Extreme environments" represent such a class of niche 
electronics applications. The broad class of extreme environ- 
ments can be loosely defined as operation of electronic com- 
ponents in surroundings outside the domain of conventional 
commercial, or even military, specifications. Such extreme 
environments would include, for instance, temperatures ei- 
ther above or below the standard mil-spec — 55°C to 125 °C 
temperature range (0 °C to 85 °C for commercial applica- 
tions), in a radiation intense environment such as space, in 
a high-vibration (shock) environment, in a high- (or low-) 
pressure environment, and even in a caustic or chemically 
corrosive environment (e.g., inside the human body). For the 
purposes of this paper, we confine ourselves to the three most 
important extreme environment electronics scenarios: 1) op- 
eration to very low temperatures (e.g. t to 77 K); 2) operation 
at very high temperatures (e.g., to 300 °C); and 3) operation 
in a radiation-rich environment (e.g., space). 

At present, cryogenic electronics represents a small but 
important niche industry, with applications such as high-sen- 
sitivity cooled sensors and detectors, semiconductor-super- 
conductor hybrid systems, space electronics, and eventually 
cryogenically cooled computer systems. The high-tempera- 
ture operation of electronic devices and systems represents 
an important emerging niche industry, and embodies appli- 
cations in automobiles, heavy vehicles, power switching, 
engine electronics, aerospace (e.g., the "all electric aircraft"), 
shipping, oil well logging, nuclear power, planetary space 
missions, and radar systems [56]. There are currently two 
recent but rapidly growing thrusts within the space elec- 
tronics community: 1) the use of commercial-off-the-shelf 
(COTS) parts whenever possible for space-borne systems 
as a cost-saving measure and 2) the use of SoC integration 
to lower chip counts and system costs, as well as sim- 
plify packaging and lower total system launch weight. The 
"holy grail" in the realm of space electronics can thus be 
viewed as a conventional terrestrial IC technology with a 
SoC capability, which is also radiation-hard as fabricated, 
without requiring any additional process modifications or 
layout changes. As will be argued in this paper, SiGe HBT 
technology embodies great potential to simultaneously sat- 
isfy all three extreme environment applications, potentially 
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with little or no process modification, providing compelling 
cost advantages. 

Following this motivation, in Section III we briefly re- 
view the key elements of SiGe HBT technology, and in Sec- 
tion IV basic SiGe HBT device physics which have bearing 
on extreme environments. In Section V we address cryo- 
genic temperature operation of SiGe HBTs, in Section VI 
the high-temperature operation of SiGe HBTs, and in Sec- 
tion VU the operation of SiGe HBTs in a radiation-rich envi- 
ronment. We conclude with some general observations and 
identify important "open" issues for future research. 

HI. SiGe HBT Technology 

While the specific composition of a given SiGe HBT 
clearly depends on the technology-generation (first, second, 
or third generation), and obviously the company manu- 
facturing it, a representative state-of-the-art SiGe HBT 
BiCMOS technology integrates multiple SiGe HBTs with 
different breakdown voltages, with very conventional silicon 
CMOS devices. Such SiGe HBT BiCMOS technologies 
are 100% silicon processing compatible, employ deep- and 
shallow-trench isolation, a polysilicon emitter contact, and 



a carbon-doped (to decrease the boron diffusivity [9], [10]) 
graded epitaxial SiGe base which is thennodynamically 
stable as deposited, and typically grown by some variant of 
a chemical vapor deposition process (e.g., UHV/CVD or 
RTCVD). Such SiGe technologies axe designed to be high 
yielding and manufacturable, and often achieve transistor 
chain yields (e.g., 5000 SiGe HBTs wired in parallel) in 
excess of 90%. Various commercial implementations of 
SiGe HBT technologies are given in [1 1H24]. 

Fig. 3 shows a schematic cross section of a first-genera- 
tion SiGe HBT. Note the locations of the emitter-base spacer 
and shallow trench isolation (STI) regions. These two regions 
form the primary Si-oxide interfaces within easy reach of the 
main electron and hole current flows in the device and hence 
figure prominently in any discussion involving radiation ef- 
fects, for instance. 

A representative first-generation doping and Ge profile is 
shown in Fig. 4. In this case, the metallurgical base width 
is about 90 nm (about 65-nm neutral base width under 
forward-active bias), the metallurgical emitter junction 
depth is about 35 nm (from the Si surface), and the peak 
Ge content is about 8% (it is ihermodynamically stable). 
The emitter polysilicon layer is doped to solid-solubility 
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limits, multiple self-aligned phosphorus implants are used to 
locally tailor the collector doping profile, and the peak base 
doping is about 4 x 10 18 era -3 . The Ge profile is trapezoidal 
in shape, with substantial grading across the neutral base. 
This vertical profile design can be considered quite conser- 
vative by today's standards, but it nonetheless achieves a 
peak / r of 50 GHz (70-GHz peak f max ) at a BV C eo of 
3.3 Y, solidly in the range of a first- generation technology. 
Cross-company typical profile numbers for first-generation 
SiGe technologies are W b o = 60-90 nm, W c = 20-40 nm, 
peak Ge = 8-12%. Representative second-generation tech- 
nology achieves a peak f T of 100-120 GHz (100-1 50-GHz 
peak / max ) at a B V C eo of 2.0-2.4 V. Cross -company typical 
profile numbers for second-generation SiGe technologies are 
W t0 = 40-60 nm, W t - 20-40 nm. peak Ge = 15-25%. 

In third-generation SiGe technology, an improvement 
in /t to 200 GHz (and above) is typically realized only 
through fundamental changes in the physical structure of this 
first-generation transistor. Specifically, a reduced thermal 
cycle "raised extrinsic base" structure is implemented using 
conventional deep and shallow trench isolation, and an in 
situ doped polysilicon emitter. The key features of this more 
advanced structure include: 1) a removal of any additional 
extrinsic base ion implantation, which generally produces 
an undesirable enhanced base dopant diffusion, and 2) the 
physical relocation of the extrinsic base-collector junction, 
making reduction of collector-base capacitance easier. The 
entire thermal cycle required to build the device is reduced. 

Those acquainted with Si BJT technologies will recog- 
nize the similarity in doping profiles between this SiGe HBT 
and advanced ion-implanted Si BJTs (just removing the Ge 
makes it look like a high-speed Si BJT). The key difference 
between this SiGe HBT and a conventional ion-implanted 
double-poly Si BJT lies in the base profile, which can be 
much more heavily doped at a given base width using epi- 
taxial growth (leading to much lower base resistance, better 
dyna mic response, and lower noise). 
I Regardless of the SiGe growth technique used, the slrtlc- 

JL ture. the self-alignment scheme employed in fabricating 
the transistor, or technology generation, strained SiGe films 
found in today's commercially viable SiGe HBTs all have 
a similar form. The deposited SiGe film actually consists 
of a three-layer composite structure: 1) a thin, undoped Si 
buffer layer; 2) the actual boron-doped SiGe active layer; 
and 3) a thin, undoped Si cap layer. The Si buffer layer 
is used to start the growth process off on the right foot, 
and serves two purposes. First, the Si buffer layer helps 
to ensure that a pristine SiGe epitaxial growth interface 
is preserved between the original Si substrate, which was 
grown by a high-temperature Si epitaxy process, and the 
coming SiGe strained layer that will be grown by a more 
difficult low-temperature epitaxy process. Maintaining a 
contaminant-free growth interface with perfect crystallinity 
is essential for obtaining device-quality SiGe films. Second, 
this Si buffer layer also frequently plays a role in device 
design for extreme environments, since it allows the incor- 
poration of intrinsic layers (i-layers) to be easily embedded 
in the collector-base junction and can be used R 



the junction field and aid in both breakdown 
parasitic junction leakage taiIoring.__ 

The active SiGe layer has a position-varying Ge com- 
position, and an embedded boron-doping spike, typically 
deposited as a boron box profile for a given integrated 
base charge. The SiGe layer forms the active region of 
the bandgap-engineered device, and the specific shape, 
thickness, and placement of the Ge profile with respect to 
the boron base profile will in large measure determine the 
resultant dc and ac performance of the transistor. 

Finally, the Si cap layer serves four purposes. First, it 
provides a Si termination to the SiGe composite. This is 
particularly important, since most SiGe HBT fabrication 
approaches involve some form of oxidation step to form the 
emitter-base spacer used in self-alignment, and SiGe does 
not oxidize well. Second, the Si cap provides additional 
space to allow the modest out-diffusion of the boron base 
profile during processing, while at the same time providing 
room for the emitter out-diffusion. Third, as with the Si 
buffer layer, a Si cap layer can be used to introduce an active 
t-layer into the emitter-base junction to Jower the junction 
electric field and thereby reduce the parasitic EB tunneling 
current, which typically limits the base current ideality at 
low-injection and hence degrades device reliability. Finally, 
an unintentional but nonetheless important consequence 
of having this Si cap layer is that it helps improve the 
overall stability of the film, increasing the thickness and 
Ge fraction of the layer to levels higher than might other- 
wise be expected. The thickness of the SiGe-bearing layer 
is clearly a key variable in SiGe HBT device design for 
extreme environments. The maximum thickness for ob- 
taining pseudo-morphic growth postfabrication (i.e., after 
any thermal anneals or ion-implantation steps which might 
relax an overstable film) is known as the "critical thickness," 
and the dependence of the SiGe film thickness on average 
Ge film content is known as the SiGe "stability constraint 
curve." Recent theoretical approaches [25] which properly 
account for effects of the Si cap layer on film stability show 
good agreement between stability calculations and data for 
real SiGe films used in practical SiGe HBTs. R 
SiGe stability constraint curves is shown in Fig. 5. 



IV. SiGe HBT Device Physics 

To fully appreciate many of the constraints faced in the 
operation of SiGe HBTs in extreme environments, particu- 
larly as a function of technology scaling, it is useful to have 
good picture of the physical operation of these devices, and 
particularly how their operation differs from a similarly con- 
structed Si BJT. The introduction of Ge into the base region 
of a bipolar transistor has two tangible dc consequences and 
can best be appreciated by viewing an energy band diagram 
(Fig. 6). 

1) The potential barrier to injection of electrons from 
emitter into the base is decreased. Intuitively, this will 
yield exponentially more electron injection for the 
same applied V BE , translating into higher collector 
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Fig. 5. Theoretical stability constraint curves as a function of 
average Ge fraction and Si "cap" thickness (H). Also shown 
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current and hence higher current gain (/3) in the de- 
vice, provided the base current remains unchanged. 
Of great practical importance, the introduction of Ge 
effectively decouples the base doping from the current 
gain, thereby providing device engineers with much 
greater design flexibility than in Si BJTs. 
2) The presence of a finite Ge content in the CB junction 
will positively influence the output conductance of the 
transistor, yielding higher Early voltage (V^). 
For an identically constructed (doping levels, layout, emitter 
contact, etc.) SiGe HBT and Si BJT, we find (for ad 
derivation of the following equations, refer to [1]): 

Asc.1 .. f i 

J3 ai \ Vb£ ~ ] 1 - e-AS,.c.(e»«de)/W f 



(£nfc)giOe 

" (Ao,)s. 



i" between SiGe and 



The Ge-induced reduction in the base bandgap occur- 
ring at the emitter-base edge of the quasi-neutral base is 
A£ Jt Ge(* = 0), and 

A£,.c(gnde) = A£ 9 , Ge (W t ) - AS^O) ( 4 > 

where W» is the quasi-neutral base width. These Ge-induced 
band offsets can in fact be electrically inferred from device 
dc data [26]. 

The output conductance ratio (as reflected in the Early 
voltage) between a SiGe HBT and a Si BJT exponentially 
depends on the amount of bandgap grading across the base 
divided by kT 



Combining (1) and (2> yields the key analog figure-of- 
merit {PV A ) 

fflfr.SK* = ^ e AB,. o .(0)/fc3' e 6E,.a.( s tad«)/*T 

To understand the dynamic response of the SiGe HBT, and 
the role Ge plays in transistor frequency response, we must 
first formally relate the changes in the base transit time and 
emitter transit time to the physical variables of this problem. 
The base transit time ratio, which typically limits the achiev- 
able frequency response (/r oc is given by 

Tt.sics. _ 2 kT 
n,s; n A-E^oefgrade) 



A£, iGe (grade) 



|j _ c -AB,.c.(gt«de)/fcTj | 



(7) 



The increase in current gain also has a favorable impact on 
the /t of the transistor, since the emitter delay time can be a 
nonnegligible component of the overall emitter-to-collector 
delay (r«. « 1//3), such that 



Te.SiG« , 
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These Gc-induced improvements in the base and emitter 
transit times, when coupled to a laterally scaled device 
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structure, translate into significant improvements in the 
maximum oscillation frequency {f maK ) of the SiGe HBT 
as well, which is a more relevant figure of merit for most 
mixed-signal circuit applications. It is important to note 
that with technology scaling, the average collector current 
density at which peak } T (or / majc ) occurs increases rapidly. 
For a typical first-generation (50-GHz) SiGe HBT. peak 
J T might be at Jc — 1-2 mA//*m 2 , whereas it might 
be 8-10 mA/ttin 2 for second-generation (120-GHz) tech- 
nology, and 15-20 mA/pm 2 for third-generation (200-GHz) 
technology. This increase in operating current density is 
the result of the need to delay the onset of both Kirk effect 
(base push-out) and high-injection heterojunction barrier 
effects {27], [28], which, if unchecked, will quickly limit the 
maximum performance attainable. Note, however, that this 
increase in current density is usually obtained at a overall 
decrease in operadng current, since lateral scaling produces 
smaller emitter geometries, and thus thermal effects (driven 
by Ic and not Jc) do not necessarily worsen with scaling. 

An unfortunate consequence of optimizing SiGe HBTs 
for higher peak f T (via higher collector doping) is a 
strong increase in impact-ionization in the base-collector 
space-charge region. Thus, an inherent (and well known) 
tradeoff exists between peak f T and BV^eo in SiGe HBT 
device design, often referred to as the Johnson limit (Fig. 7) 
[29]. This Johnson limit, however, is actually more accu- 
rately described by the (larger) -BVces/t product (BV C bs 
is about equal to BV CB0 ) than the traditional BVqeoJt 
product [30], but clearly the ever-decreasing operational 
voltage limits of scaled SiGe HBTs pose important (and 
often nonobvious) constraints on the biasing and oper- 
ation of SiGe HBTs used in mixed-signal circuits. The 
understanding, for instance, of how much "usable" voltage 
actually exists in the region between BVceq and J3V CES 
remains an active research topic, particularly when con- 
sidering the complex interactions in breakdown between 
impact-ionization, self-heating, and avalanche-induced, 
current-crowding instabilities (often referred to as pinch-in 
effects), and their corresponding dependence on operational 
current density. These issues have potentially important 
implications for use of SiGe HBTs in extreme environments. 



V. Low-Temperature Operation 

Bandgap engineering generally has a positive influence on 
the low-temperature characteristics of bipolar transistors [I ]. 
SiGe HBTs operate very well, in fact, in the cryogenic en- 
vironment (e.g., liquid nitrogen temperature = 77.3 K. = 
—320 °F = —196 °C), an operational regime traditionally 
forbidden to Si B JTs. While the large power dissipation asso- 
ciated with conventional bipolar digital circuit families such 
as emitter coupled logic (ECL) would likely preclude their 
widespread use in cooling-constrained cryogenic systems, 
the combination of cooled, low-power, scaled Si CMOS with 
SiGe HBTs offering excellent frequency response, low noise 
performance, radiation hardness, and excellent analog prop- 
erties represents a unique opportunity for the use of SiGe 
HBT BiCMOS technology in cryogenic systems. 

A. Impact of Cooling on Bipolar Transistors 

The detrimental effects of cooling on homojunction 
bipolar transistor operation have been appreciated for many 
years [31H35]. While the precise dependence of Si BJT 
properties on cooling can be a strong function of technology 
generation and profile design, Si BJT device and circuit 
properties cooled to cryogenic temperatures typically ex- 
hibit [36M41]: 

• a modest increase (degradation) in the junction turn-on 
voltage with decreasing temperature (monotonic); 

• a strong increase (improvement) in the low-injection 
transconductance with cooling (monotonic); 

• a strong increase (degradation) in the base resistance 
with cooling (typically, quasi-exponential below about 
200 K); 

• a mild decrease (improvement) in parasitic transistor 
depletion capacitances (monotonic); 

• a strong decrease (degradation) in P with cooling 
(quasi-exponential); 

• a modest decrease (degradation) in frequency response 
with cooling, with fa typically degrading more rapidly 
than / mM with decreasing temperature (monotonic 
below about 200 K); 

» an increase (degradation) in ECL circuit delay with 
cooling (monotonic below about 200 K); 

• the noise margin of current-switch-based digital cir- 
cuits (e.g., ECL) increases (improves) with cooling 
(monotonic), allowing reduced logic swing operation. 

The impact of cooling of Si BJTs is typically largely one of 
serious device and circuit performance degradation, effec- 
tively precluding their use in cryogenic applications. As will 
be seen, the addition of SiGe to this low-temperature problem 
can be used to change this situation dramatically. 

B. Cryogenic Operation of SiGe HBTs 

Intuitively, we expect that band-edge effects induced 
by bandgap engineering will generally couple strongly to 
bipolar transistor properties. This strong coupling is physi- 
cally the consequence of the fact that the bipolar transistor is 
a minority carrier device, and hence the terminal currents are 
proportional to nj 0 via the Shockley boundary conditions, 
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with n% being in turn proportional to the exponential of the 
bandgap. Hence, changes to the bandgap will couple expo- 
nentially to the currents. Furthermore, from very general 
statistical mechanical considerations, these bandgap changes 
will inevitably be divided by the thermal energy (W), such 
that a reduction in temperature will greatly magnify any 
bandgap changes. Not surprisingly, then, even a cursory 
examination of the SiGe HBT device equations suggests 
that both the dc and ac properties of SiGe HBTs should be 
favorably affected by cooling [42], [43]. In fact, the thermal 
energy (>sT}. in every instance, is arranged in the SiGe HBT 
equations such that it favorably affects the low-temperature 
properties of the particular performance metric in question, 
beitiS(T),/r(r),orVx(r). 

The beneficial role of temperature in SiGe HBTs can be 
used to easily offset the inherent bandgap narrowing induced 
degradation in current gain of a Si BJT to achieve viable dc 
operation down to 77 K, even for a SiGe HBT that has not 
been optimized for the cryogenic environment. Fig. 8 shows 
the evolution of peak current gain as a function of reciprocal 
temperature from early Si BJT technologies circa 1978 
to SiGe technologies circa 1992. Clearly, the addition of 
Ge-induced bandgap engineering enables functional current 
gain down at least to 77 K with minimal effort. From a 
dynamic point of view, the Ge-grading-induced base drift 
field provides a means to offset the inherent n degradation 
associated with cooled Si BJTs, yielding an f T that does 
not degrade with cooling. Since the reduced thermal cycle 
nature of epitaxial growth techniques are generally more 
conducive to maintaining thinner, more heavily doped base 
profiles than conventional ion-implanted bases used in 
modern Si BJTs, it is fairly straightforward to control base 
freeze-out in SiGe HBTs, at least down to 77 K, and hence 
Ri, at cryogenic temperatures can be more easily controlled. 
If fx and Ri do not degrade significandy with cooling, then 
achieving respectable circuit performance down to 77 K 
becomes a reality unknown to Si BJT technologies. 

Fig. 9 shows the evolution of unloaded ECL gate delay 
as a function of publication date. As expected, optimized 
300 K technology scaling successfully improved circuit 
speed over time. More surprising, perhaps, is that the rate 
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Kg. 9. Evolution of unloaded ECL gate delay at 310 K and 
84 K wilh Si-based bipolar technology generation. The last two 
generations are SiOe HBT technologiea. 

of improvement in low-temperature performance was sig- 
nificantly faster. The 1991 and 1992 cryogenic data points 
are for SiGe HBT technologies and clearly demonstrate 
that one can no longer out of hand dismiss Si-based bipolar 
technologies for the cryogenic applications. SiGe can thus 
be viewed as an effective means to extend Si-based bipolar 
technology to the cryogenic environment (with little or no 
effort). This scenario is particularly appealing if we consider 
state-of-the-art SiGe HBT BiCMOS technologies, since 
Si CMOS also performs well down to 77 K, and provides 
a major advantage in the reduction in power dissipation, 
an often serious constraint given the limited efficiency of 
cryocoolers. While it is unlikely that one would develop 
SiGe technology explicitly for cryogenic applications, if (as 
is the case), one could simply take a room temperature-op- 
timized SiGe technology and operate it at low temperatures 
without serious modification, that prospect might prove 
cost effective. With the present trend toward reduced-tem- 
perature operation of CMOS-based high-«nd servers as a 
performance and reliability enhancement vehicle (currently 
at 0 °C to -40"C and going lower), the appeal of SiGe 
HBT BiCMOS technologies for the cryogenic environment 
may naturally grow over time, since HBTs can provide 
numerous advantages over CMOS in analog, RF, heavily 
loaded digital, and high-speed driver/receiver applications. 

We first examine the expected theoretical temperature de- 
pendence of the important SiGe HBT performance metrics. 
Compared to a comparably constructed Si BJT, f)(T) (1) in 
a SiGe HBT should increase exponentially with decreasing 
temperature (Fig. 10). In addition, V A (T) and 0V A (T) in 
a SiGe HBT should also increase exponentially with de- 
creasing temperature compared to a comparably constructed 
Si BJT ((5),(6)1 and is again confirmed experimentally 
(Fig. II). 

The anticipated temperature dependence of the frequency 
response of a SiGe HBT can be gleaned from the temperature 
dependence of the base and emitter transit times [(7)-(9)]. 
Both are favorably influenced by cooling, and thus we expect 
that the influence of the graded SiGe base is sufficient to 
overcome the inherent electron diffusivity degradation on n 
with cooling, and this is indeed the case experimentally. 
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Fig. 10. Measured and calculated current gain ratio as a function 
of reciprocal temperature for a comparably constructed SiGe HBT 
and Si BJT. 
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C. Low-Temperature Design Constraints 

While SiGe HBTs designed for room temperature op- 
eration generally function acceptably well down to 77 K, 
second-order design constraints do, nonetheless, exist 
and can impact profile optimization [44], [45]. The first 
such constraint centers on the base current and its impact 
on the current gain at low injection. While conventional 
Shockley-Read-Hall (SRH) recombination exponentially 
decreases with cooling, thereby effectively eliminating 
reverse leakage in the collector-base junction, the same 
is not true of carrier tunneling processes, whether they 
are band-to-band or trap-assisted. Given that the EB junc- 
tion of high-speed bipolar transistors (either Si or SiGe) 
are typically quite heavily doped (often in the vicinity of 
1 xlO cm -3 ), the doping induced electric field is high 
and can result in substantial parasitic tunneling leakage. 
While this is generally easily designed around in 300 K 
designs, it is more problematic at low temperatures, given 
that the collector and base currents decrease strongly at 
fixed V BE as the temperature drops. In this case, as the 

1566 



base current decreases with cooling, any tunneling-induced 
leakage will remain roughly constant, hence uncovering a 
parasitic leakage "foot" on the base current. This parasitic 
base leakage current can severely limit the current gain at 
low injection at cryogenic temperatures. Thus, as a rule of 
thumb, it can be safely stated that the ideality of the base 
current of a high-performance Si or SiGe bipolar transistor 
will never improve with cooling. If the base current is ideal 
(i.e., e" V » E /* T ) down to a picoamp at 300 K, it may be ideal 
only to a nanoamp at 77 K. If it is even modestly nonideal at 
300 K, it will be quite leaky at 77 K. How serious a limitation 
this leakage is depends strongly on the circuit application. 
In digital logic, for instance, it is not an issue, given that 
the devices are biased well out of the leakage regime, and 0 
does not strongly couple to circuit speed. For more sensitive 
analog circuits, however, it can in principle require careful 
design consideration. As discussed below, one can optimize 
a SiGe HBT to reduce this leakage effect, a feat much more 
easily accomplished using epitaxial growth rather than ion 
implantation for the base layer formation. 

More worrisome than the base current at low tempera- 
tures, however, is the enhancement of high-injection, het- 
erojunction barrier effects with cooling. Band-edge effects 
in bipolar transistors generally couple very strongly to the 
device properties, and barrier effects are no exception. In 
this case, given that barrier effects necessarily exist in all 
practical SiGe HBTs, cooling will make the situation de- 
cidedly worse. The consequences of barrier effects, as at 
room temperature, include a premature rolloff in both fi 
and fr at high Jc and place a limitation on maximum 
output current drive. What is different in the context of 
cryogenic operation, however, is that while a well-designed 
300 K SiGe HBT may not show any clear evidence of 
barrier effect at 300 K, it will certainly show evidence of 
it at 77 K, and its impact on device performance will be 
correspondingly worse. That is, the design margin for 77 K 
operation is in essence narrower, always an undesirable 
situation. The device transconductance is a useful tool for 
assessing barrier effects in SiGe HBTs. A comparison of 
g m between comparably designed i-p-i SiGe HBTs and 
i-p-i Si BJTs clearly shows that while g m at low Jc in- 
creases with cooling as expected, a dramatic drop in g m at 
a higher critical current density close to that of Kirk effect 
can be observed in the SiGe HBT. Fortunately, it is also true 
that this critical onset current density in fact increases with 
cooling, consistent with the fact that the saturation velocity 
rises at low temperatures, thus delaying Kirk effect until 
higher Jc- As discussed below, this result can be traded 
off to optimize SiGe HBTs for 77 K operation. One would 
also expect that barrier effect would have a serious impact 
on transistor dynamic response, given that enhanced charge 
storage in the base couples strongly to /t. 

D. Optimization of SiGe HBTs for 77 K 

While conventional 300 K SiGe HBT designs will inher- 
endy function reasonably well down to 77 K. it remains to 
be seen whether a SiGe HBT designed specifically for 77 K 
operation can achieve significantly better device and circuit 
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performance at 77 K than it has at 300 K, and what the design 
issues and tradeoffs faced in achieving this goal would be. 

To address the explicit optimization of a SiGe HBT 
for 77 K operation, a new profile design point and fab- 
rication scheme is required [46]. In this case, an epi- 
taxial "emitter-cap" layer doped with phosphorus at about 
1 x 10 18 cm -3 was deposited in situ in a UHV/CVD depo- 
sition tool on top of the SiGe-base to form the EB junction. 
This 77 K optimized SiGe HBT will be referred to as 
an epitaxial "emitter-cap" SiGe HBT [47]. Because EB 
carrier tunneling processes depend exponentially on the 
peak junction field, the lightly doped emitter is expected to 
minimize the parasitic EB tunneling current compared to 
a conventional "i-p-i" SiGe HBT design. In addition, the 
increase in carrier saturation velocity with cooling, as well 
as the presence of velocity overshoot in the CB space-charge 
region at 77 K, results in an onset current density of base 
push-out (Kirk effect) that is about 50% larger at 77 K. 
than at 30O K [44]. Thus, compared to a 300 K design, the 
collector doping level can be decreased in an optimized 77 K 
profile. In this case, the doping level at the metallurgical CB 
junction was lowered from 1 x!0 17 cm -3 for tho conven- 
tional SiGe HBT design to about2 x 10 16 cm -3 and ramped 
upward toward the subcollector to minimize freeze-out deep 
in the neutral collector. This 77 K collector profile is used 
to reduce the parasitic CB capacitance under the constraint 
that the onset current density of the SiGe-Si heterojunction 
barrier be above the maximum operating current density of 
about 1,0 mA//i.m 2 . 

To ensure a low emitter resistance, a 200-nm in situ 
doped polysilicon contact was deposited on top of the 
composite EB profile (n-cap/p-SiGe). Because the arsenic 
out-diffusion from the heavily doped polysilicon layer is 
used only to contact the epitaxial phosphorus emitter and 
does not determine the metallurgical EB junction, only a 
very short rapid thermal annealing (RTA) step is required 
to activate and redistribute the emitter dopants, allowing the 
maintenance of a thin, heavily doped base. A metallurgical 
emitter-cap thickness of about 10 nm was achieved at the 
end of processing (estimated by subtracting the arsenic 
out-diffusion of the emitter poly from the total EB junction 
depth). The boron doping of the base profile was increased 
over a more conventional i-p-i SiGe design to improve 
its base freeze-out properties, and was deposited as a box 
10 nm wide by 2.5 x 10 19 cm -3 . At the end of processing 
the metallurgical base was about 75 nm wide with a peak 
concentration of about 8 x 10 18 cm -3 , well above the Mott 
transition for carrier freeze-out. To minimize minority car- 
rier charge storage in the emitter-cap layer, a large 77 K P 
is also desirable (r c oc 1//3 BC ). Therefore, a trapezoidal Ge 
profile with 3%-4% Ge at the EB junction (compared to 
about 0%-l% for the standard design) and ramping to 8.5% 
at the CB junction (compared to about 8.5% for the standard 
design) was used. The resultant emitter-cap Ge profile was 
about 65 nm thick, and satisfied the thermodynamic stability 
criteria for UHV/CVD blanket films. 

This 77 K SiGe design point yields a transistor with 
reasonably ideal Gummel characteristics at low temper- 
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Fig. 13. Current gain versus Was current as a function of 
temperature for a 77 K optimized cmittcr-c»p SiGe HBT. 

atures, with a maximum output current drive well above 
1.0 mA/fim 2 at 84 K (Fig. 12). The higher Ge concen- 
tration at the EB junction, the beneficial effects of the 
emitter high-low {n + /n~ cap) junction, and the bandgap 
narrowing of the heavily doped base, offset the bandgap 
narrowing of the heavily doped emitter region to yield a 
peak p that increases quasi-exponentially with cooling from 
102 at 310 K to 498 at 84 K (Fig. 13). This large p value at 
low temperatures serves to minimize the unwanted charge 
storage associated with the emitter-cap layer as well as to 
circumvent the degradation of P at medium injection levels 
due to bias-dependent Ge ramp effects, giving an ideal 
value of P of 99 at 84 K at a typical circuit operating point 
of 1.0-mA collector current [47]. An undesirable result of 
the high P at low temperature, however, is a decrease in 
the BVceo from 3.1 V at 310 K to 2.3 V at 84 K, but it 
remains acceptable for most circuit applications. Depending 
on circuit requirements at 77 K, the low-temperature current 
gain can be easily tuned to a desired value. 

The reduction in overall thermal cycle compared to a 
conventional design is key to maintaining the abrupt, as-de- 
posited boron base profile, and thus providing immunity 
to carrier freeze-out at cryogenic temperatures (Rbi only 
increases from 7.7 to 1 1 .0 kft/D between 3 10 K and 84 K). 
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Importantly, this immunity to base freeze-out does not come 
at the expense of increased EB leakage, as it docs, for 
instance, in a spacer-free SiGe profile with a very heavily 
doped base [44]. The lower doping level of the emitter-cap 
layer results in a reverse EB leakage at 1.0 V at 84 K, 
which is more than 500 times smaller than for the conven- 
tional SiGe design. The consequence is a much smaller 
forward tunneling component in the base current (much 
larger low-current f3), a smaller EB capacitance, and an 
expected improvement in hot-carrier reliability at cryogenic 
temperatures. 

As shown in Fig. 14, the transistor cutoff frequency (/ T ) 
rises from 43 GHz to 6 1 GHz with cooling to 85 K due to the 
beneficial effects of the Ge-grading-induced drift field. This 
improvement in f T , coupled to the low total base resistance 
and slightly decreased CB capacitance, yields an increase in 
maximum oscillation frequency with cooling as well, from 
40 GHz at 310 K to 50 GHz at 84 K. To assess the 77 K cir- 
cuit capabilities of this technology, unloaded ECL ring os- 
cillators were measured (Fig. 15). High-power (12.45-mW) 
ECL circuits switch at a record 21.9 ps at 84 K, 3.5 ps faster 
than at 310 K. Circuits that were optimized for lower power 
operation achieve a minimum power-delay product of 61 ff 
(41.3 ps at 1.47 mW) at 84 K, and are 9.6 ps faster than 
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at 310 K. These 77 K optimized ECL circuits are expected 
to exhibit even more dramatic improvements in speed over 
room-temperature ECL circuits under heavy loading, due to 
the beneficial effects of cooling on metal interconnect resis- 
tance and circuit logic swing [45]. The delay improvement at 
long interconnect wire lengths can be dramatic (2.7 x faster 
at 84 K than at 300 K at 10-mm wire length), and suggests 
that SiGe HBT based line-drivers might be attractive for 77 K. 
applications. 

Recent measurements on noncryogenically optimized 
200-GHz. third-generation SiGe HBTs, show even more 
impressive performance down to liquid nitrogen temper- 
ature [48], [49] (refer to [50], [51] for recent cryogenic 
results on a different third-generation SiGe technology). 
Current-voltage measurements across the 300 K to 85 K 
temperature range were made on SiGe HBTs with an emitter 
area of 0. 12 x 10.0 fan 2 . In spite of the high peak base and 
emitter doping levels associated with these aggressively 
scaled SiGe HBTs (> 10 19 cm -3 ), the base current remains 
reasonably ideal at 85 K. This is the result of the lightly 
doped epitaxial spacer layer inserted between the base and 
emitter regions and helps limit field-assisted tunneling and 
recombination at low temperatures. The base and emitter 
regions in this device are both doped above the Mott tran- 
sition and ensure that carrier freeze-out does not negatively 
impact the base or emitter resistance below 100. K. This 
device is capable of very high current density operation 
(>25 inA/fim 3 ), and thus the high collector doping level 
effectively limits the impact of heterojunction barrier effects 
at low temperatures. The current gain increases monoton- 
ically with cooling, from 600 at 300 K to 3800 at 85 K 
(Fig. 16). Two mechanisms are responsible for this improve- 
ment with cooling: 1) the (sizable) Gc-induced band offset 
in this device (exponentially) increases the current gain with 
cooling and 2) the heavily doped base region partially offsets 
the doping-induced bandgap narrowing associated with the 
emitter region. There is a strong decrease in the current gain 
above its peak value at 85 K associated with the Ge-grading 
effect, but the current gain remains above 2000 at 85 K at 
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Fig. 17. Noise figure and associated gain as a function of 
temperature for an nonoptinuzcd third-generation SiGe HBT. 

the current density at which peak fx is reached, effectively 
minimizing any emitter charge storage at low temperatures. 

Fig. 16 also shows the shows the extracted peak cutoff 
frequency versus temperature for the 0.12 x 10.0 fim 2 SiGe 
HBT. An increase in peak fx from 200 GHz at 300 K to 
260 GHz at 85 K is observed. This increase in the peak /r 
with cooling is proportionately smaller than has been re- 
ported in first-generation SiGe HBTs operated at 85 K. This 
is because in the present case, the base and emitter transit 
times in this 200-GHz device, which are favorably affected 
by both the Ge-grading and cooling, are already small com- 
pared to the collector delay time, and thus their relative in- 
fluence on the total transit time with cooling is smaller. The 
extrapolated total emitter-to-collector delay decreases from 
0.7 ps at 300 K to 0.6 ps at 150 K and 0.5 ps at 85 K, and 
the total depletion capacitance of the device decreases with 
cooling, as expected, since the junction built-in voltages in- 
crease with cooling. 

Fig. 17 shows the the measured minimum noise figure 
(NF™,,) and associated gain {G^J as a function of 
frequency at I c - 12 mA (i.e., at peak fx), for a 
0.12 x 10.0 ^m 2 SiGe HBT, at both 300 K and 85 K. 
At 85 K, this device achieves a minimum NF m ;„ of about 
0.3 dB (with Gaatoc ~ 18 dB) at 14 GHz, and a minimum 
NF min of about 0.75 dB (G Msac = 16 dB) at 20 GHz, 
record numbers for SiGe HBTs operating at cryogenic 
temperatures. 

£ Helium Temperature Operation 

Long-wavelength infrared focal plane arrays (FPAs) and 
certain ultralow-noise instrumentation amplifiers require 
transistors that operate down (o liquid helium temperature 
(LHeT = 4.3 K). In addition to evaluating SiGe HBT 
performance at these potential application temperatures, the 
below 77 K. regime is ideally suited for investigating new 
device physics phenomena, as well as for testing the validity 
of conventional theoretical formulations of device operation 
(e.g., drift-diffusion). This is particularly true for a SiGe 



HBT, since many of the transistor parameters are thermally 
activated functions of the Ge-induced band offsets, and are 
expected to change dramatically between 77 K and 4 K. For 
instance, a simple calculation of the intrinsic carrier density, 
to which the terminal currents are proportional, shows that 
a THa changes by a factor of e 3056 between 77 K and 4 K. 
Initial results on (unoptimized) Si BJTs to 10 K [52] showed 
transistor functionality but poor performance in the LHeT 
regime (< 10 K-15 K). More recent work [53] on SiGe 
HBTs optimized for 77 K operation showed more impres- 
sive performance results as well as revealed interesting new 
device physics effects. 

The emitter-cap SiGe HBT optimized explicitly for 77 K 
achieved a 0 of 500. /r of 61 GHz, /„« of SO GHz, and 
a minimum ECL gate delay of 21.9 ps at 84 K. In cooling 
this transistor from 77 K to LHeT, the current gain increases 
monotonically from 1 10 at 300 K to 1045 at 5.84 K, although 
parasitic base current leakage limits the useful operating cur- 
rent to above about 1.0 pK at 5.84 K. Fig. 12 shows the 
Gummel characteristics of a 1.4 x 4.4 pm 3 emitter-cap SiGe 
HBT down to 5 84 K, and Fig. 13 shows the current gain as 
a function of bias current down to 5.84 K. 

The severity of the base current leakage at low injection, 
and the Ge-ramp effect at medium injection, limits the 
current range where one obtains the peak current gain. The 
aggressive base profile design in the emitter-cap SiGe HBT 
design (peak N~ h close to 8 x 1 0 18 cm -3 ) leads to an R b i of 
< 18 kil/O at 5.84 K, much lower than a more conventional 
SiGe HBT design. Base freeze-out below 77 K depends 
very strongly on peak base doping and must be carefully 
optimized for LHeT applications. At temperatures as low 
as 5.84 K, this transistor has a maximum current drive in 
excess of 1.5 mA/pm 3 (limited by quasi-saturation and 
heteroj unction barrier effects), with a peak transconductance 
of 190 mS. Theoretical calculations based on measured 
SIMS data were compared to the experimentally observed 
variation of peak current gain with temperature. Above 77 K, 
the temperature variation of peak current gain for the SiGe 
HBT is close to that theoretically expected, while at temper- 
atures below 77 K, the exponential increase in current gain 
is primarily limited by parasitic base leakage due to field-en- 
hanced tunneling. In contrast to this strong enhancement 
of current gain with cooling for the SiGe HBT, the current 
gain in a Si BJT fabricated with a comparable doping profile 
is significandy degraded at low temperatures, due to the 
strong bandgap narrowing in the emitter. A comprehensive 
discussion of other unique cryogenic phenomena in SiGe 
HBTs operating in the LHeT environment is presented in 
HI. 

F. Unique Cryogenic Phenomena 

Recent measurements of highly scaled 350-GHz SiGe 
HBTs in the cryogenic temperature range has led to ob- 
servations of highly unusual device behavior, including a 
new, hysteretic, negative-differential-resistance (NDR) ef- 
fect which is observed in the forced-ia output characteristics 
(Fig. 1 8) [54]. This behavior is similar to the "hysteresis" I-V 
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characteristics found in resonant tunneling diodes (RTD), 
but is of a different physical origin. The NDR disappears 
at low-injection levels (about 1/10 of the peak- f T current 
density), indicating that the phenomenon is a high-injec- 
tion effect, and comparisons to earlier generations of SiGe 
HBTs clearly indicates it is associated with vertical profile 
scaling. The observed NDR effect, along with the observed 
"hysteresis," are shown to be driven by the nonideal base 
current behavior as a function of Vbe and ^cb. These ef- 
fects have been systematically investigated using different 
bias conditions, variable temperature operation, and various 
SiGe device generations. To explain and characterize the 
underlying physical mechanism and the consequent relation 
among the observations, we have presented an advanced 
SRH recombination model including trap-assisted tunneling. 
Calibrated one-dimensional (1-D) MEDICI simulations and 
analytical calculations were then used to support our ex- 
planations, as contained in [55]. 

vi. High-Temperature operation 

While it has been demonstrated that SiGe HBTs operate 
well down to cryogenic temperatures, there was historically 
early concern about their suitability for operation at elevated 
temperatures. Given the narrow bandgap base region of the 
SiGe HBT compared to a Si BJT, and hence the expected neg- 
ative temperature coefficient of the current gain (i.e., /? de- 
creases as temperature increases), it is often asked whether 
practical SiGe HBTs would have acceptable values of /? at 
required high-end mil-spec operational temperatures (e.g., 
125 °C). That this issue is not a valid concern for circuit de- 
signers is clearly demonstrated in Fig. 19, which compares 
the percent change in peak current gain between 25 °C and 
125 °C for a Si BJT and a number or commercially relevant 
SiGe profiles. There are several important points to glean 
from these data. 
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The current gain in SiGe HBTs does indeed have an op- 
posite temperature dependence from that of a Si BJT, 
as expected from simple theory. 
These changes in P between 25 °C and 125 °C, how- 
ever, are modest at best (< 25%) and clearly are not 
cause for alarm for any realistic circuit. 
The negative temperature coefficient of /3 in SiGe 
HBTs is tunable, meaning that its temperature be- 
havior between, say, 25 °C and 125 °C can be trivially 
adjusted to its desired value by changing the Ge profile 
shape near the EB junction. In the case of the 15% 
Ge triangle profile, with 0% Ge at the EB junction, 
P is in fact temperature independent from 25 °C to 
125 "C. This points to a major advantage of bandgap 
engineering. 
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• Finally, it is well known that thermal-runaway in high- 
power Si BJTs is the result of the positive tempera- 
ture coefficient of p (i.e., as the device heats up due 
to power dissipation, one gets more bias current, since 
the P increases with temperature, leading to a positive 
feedback process, and hence thermal collapse). The 
fact that SiGe HBTs naturally have a negative temper- 
ature coefficient for 0 suggests that this might present 
interesting opportunities for power amplifiers, since 
emitter ballasting resistors (which degrade RF gain) 
could in principle be eliminated, or at least reduced in 
value. 

While the message that SiGe HBTs work just fine to 
125 °C has at present generally been accepted, the appli- 
cability of SiGe HBTs to emerging extreme environment 
applications at considerably higher temperatures (say to 
300 °C), has only very recently begun to be seriously con- 
templated. At present, the device technologies deployed for 
such high-temperature applications typically include SOI 
CMOS, GaAs, SiC, and GaN, all of which are expensive, and 
in some cases immature (i.e., SiC and GaN). Conventional 
Si CMOS and Si BJTs are typically limited to about 125 °C 
operation due to substrate leakage and reliability concerns, 
unless extensive (costly) modification to the device tech- 
nologies is performed (e.g., adding SOI). The initial results 
on SiGe HBTs for high temperatures, however, are very 
encouraging [57], [58]. 

A. DC Cltaracteristics 

The Gummei characteristics of a state-of-the-art second- 
generation SiGe HBT at 300 °C is shown in Fig. 20. The 
turn-on voltage decreases as the temperatures increases, as 
expected, due to the decrease in the emitter-base built-in 
potential, and is driven by the changes in the intrinsic carrier 
density. Observe, however, that the device remains quite ideal 
at 300 °C, with a current gain above 100 and higher current 
drive capability than at room temperature, suggesting that the 
impact of high temperatures on the carrier mobility and hence 



series resistances is not a serious factor. Clearly, minority 
carrier generation in the collector-substrate junction, and 
the consequent parasitic leakage, is a concern for high- 
temperature applications. The collector-substrate junction 
leakage current is generally dominated by space-charge 
region generation-recombination (G7R) leakage (/ g . n oc 
n t (T)) over the range 25 to T tran °C and by band-to-band 
thermal generation (/diff « n?(T)) above T tI a n 0 C [59]. The 
collector-substrate leakage at 25 °C is less than the smallest 
detectable current of the measurement system ( < 1 pA) and 
hence negligible in practical circuit applications. It can be 
seen from Fig. 20 that T , tr » n °C is about 135 °C for this SiGe 
technology. Fig. 20 shows the explicit impact of substrata 
leakage on the Gummei characteristics at 300 °C tinder 
bias. Observe that while the off-state leakage is 1.6 (iA at 
300 °C at V CB = 1 V, and might be of potential concern 
for certain analog circuits biased at very low currents for 
high s m , there remains over four orders of magnitude of 
useful bias range in this device at 300 °C. 

The current gain as a function of collector current at 25 °C, 
150 "C, and 300 °C for both the high-performance and the 
high-breakdown transistors is shown in Fig. 21. The shapes 
of the p versus Ic for high-performance and high-break- 
down SiGe HBTs are profoundly different at high Ic- P 
for high-breakdown devices decreases rapidly at Ic close 
to 1 mA due to Kirk effect and heterojunction barrier ef- 
fects (HBE) [28]. The higher collector doping level in the 
high-performance SiGe HBTs delays the onset of Kirk effect 
and hence HBE. Observe that with the increase of tempera- 
ture, the HBE effect in high-breakdown HBTs becomes less 
important, due to the thermally activated nature of HBE [44J. 
This fact can provide additional design freedom regarding 
Kirk effect/HBE at high temperatures compared to at room 
temperature, which is clearly good news for high-tempera- 
ture applications. Fig. 21 shows that the peak 0 decreases as 
temperature increases, as expected. 

The transistor output characteristics remain ideal at tem- 
peratures up to 300 °C. The small negative slope in the output 
characteristics reflects self-heating in the device (Fig. 22). 
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B. AC Characteristics 

The measured f T and / m « versus bias current at 25 °C, 
100 °C. and 200 °C are shown in Fig. 23 for the SiGe HBT. 
The peak fa for the high-performance HBTs decreased by 
29% across the temperature range, from 125 GHz at 25 °C 
to 89 GHz at 200 °C, while the peak f mxx decreases by 23%, 
from 122 GHz at 25 °C to 94 GHz at 200 "C. The estimated 
peak / T at 300 °C (beyond the measurement temperature 
range of our present test system) is about 75 GHz. clearly 
adequate for a large class of circuit applications. 

C. Breakdown Voltage 

Due to the finite impedance at tbe base terminal in real 
circuits, SVceo does not represent the maximum voltage 
that can be sustained on the device during circuit operation. 
From a temperature perspective, it does, however, provide 
an accurate gauge to the impact of high temperatures on 
the voltage limits for circuit design. The BV C eo is to first 
order determined by the product of the M-l and at any 
given temperature. As 0 decreases with the increase of 



temperature, an increase of M-l is necessary to offset the 
0 decrease, in agreement with the data. Af-1 decreases 
for the same Vcb as temperature increases, due to the 
increase in phonon scattering with temperature [60]-[62]. 
Note that for the same biasing current the base-emitter 
turn-on voltage inherently decreases at higher temperature 
due to the increase of the intrinsic carrier concentration. 
Hence, Vcb increases with temperature for the same Vcb- 
Af-1 is a complicated function of temperature, as is Vcb and 
hence the emitter-base turn-on voltage. Observe that B V*ceo 
of the high-performance devices decreases slightly as the 
temperature increases, while that for the high-breakdown 
devices increases with temperature (obviously good news 
in the latter case). This difference is noteworthy for circuit 
applications and is the result of the differences in M-l 
between the two (the temperature dependence of the 0 
is nearly the same for both). We have also performed 
compact model simulations (using a calibrated VBIC model) 
of BVceo (r), and since that model does not explicitly 
account for the temperature dependence of M-l, the model 
does not capture the data particularly well. Thus, existing 
compact models may need to be refined to accurately capture 
the high-temperature behavior of these SiGe HBTs. 

D. Reliability Issues 

Temperature is a well-known, albeit complicated, ac- 
celerator for most device failure mechanisms, and thus is 
a key concern for any bigh-temperature applications of 
SiGe HBTs. In addition to simple changes in ambient tem- 
perature, transistor self-heating also increases the internal 
device temperature as well as the temperature gradients, 
potentially producing additional reliability concerns. Since 
the increase in phonon scattering with increased tempera- 
ture will generally degrade the thermal conductivity, this 
issue is an important consideration for high-temperature 
electronics. The self-heating characteristics of these SiGe 
HBTs as a function of ambient temperature were measured 
using the technique described in [63], and the results are 
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shown in Fig. 24. The measured thermal resistance increases 
as ambient temperature increases, as expected. The model 
presented in [64] suggests that device self-heating and its 
thermal resistance can be significandy reduced by breaking 
the emitter finger into smaller segments and has been con- 
firmed with our data at higher temperatures, as shown in 
Fig. 24. It should thus be possible to use this approach to 
help mitigate the impact of high-temperature operation on 
the device self-healing characteristics. 

The effects of reverse emitter-base hot carrier stress is to 
increase (degrade) the base current without affecting the col- 
lector current Shown in Fig. 25 is the base current damage 
ratio at different stress temperatures. As the temperature 
increases from 25 °C to 75 °C, the base current damage ratio 
decreases, consistent with [65]. As the temperature increases 
further, however, observe that the base current damage ratio 
"saturates" for the same stress time. The net temperature de- 
pendence of the device degradation depends on the number 
of injected hot carriers and the energy of those carriers. 
Under constant stress voltage conditions, the number of 
hot carriers present at the Si-Si02 interface is proportional 
to the reverse-bias stress current, which increases with the 
ambient temperature. The energies of the carriers, however, 
depends on the mean free path between the carrier scattering 
events, which decreases with an increase of the ambient 
temperature due to enhanced phonon scattering, and thus for 
these devices, at least between 25 °C and roughly 75 °C, 
appears to dominate the damage process. Clearly, the reverse 
EB stress at high temperatures is improved compared to 
room temperature, which is good news from an application 
standpoint. 

We have previously reported a robust, time-dependent 
stress methodology for investigating "mixed-mode" (si- 
multaneously forcing of high Je and high Vfcn) reliability 
degradation in SiGc HBTs [66], and this technique has 
been applied in the current investigation. First, the known 
Je dependence at 25 "C was investigated as a reference 
point for the damage process, and then Je was fixed at 
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Fig. 26. Base current damage ratio »! V BB = O.S V v( 
"mixed-mode" stress rime for different emitter current de 
and different stress temperatures. 

30 mA/tim 2 and the ambient temperature was increased 
to 100 °C and 200 °C, respectively. The resultant base 
current damage ratio for the forward-mode characteris- 
tics are shown in Fig. 26. For the forward-mode Guramel 
characteristics, when Je is fixed at 30 mA/fim 3 and the 
ambient temperature increases from 25 °C to 100 °C, the 
base current damage ratio increases slightly. As the temper- 
ature increases further to 200 °C. however, the base current 
damage ratio actually decreases to the similar damage level 
as the ratio for mixed-mode stress at room temperature with 
the Je of 20 irtA/A/m 2 , which is clearly excellent news. The 
mixed-mode stress is known to create a large inverse-mode 
base leakage current component, while reverse EB stress 
does not create any excess base leakage in the inverse-mode 
SiGe HBTs [67]. The mixed-mode stress induces traps 
not only in the EB space-charge region but also in the CB 
space-charge region, the latter consistent with the observed 
increase in inverse-mode base current leakage. The base 
current damage ratio for the inverse-mode Gummel charac- 
teristics shows similar changes as that for the forward-mode 
Gummel characteristics with current density and tempera- 
luce. This competing damage enhancement and subsequent 
passivation with increasing stress was also reported in [68]. 
These results suggest that the effects of the high current 
stress dominate over those of the ambient temperature alone, 
consistent with results in [69]. 

In general, contrary to popular wisdom, we do not see any 
obvious device-level reliability damage mechanisms in these 
SiGe HBTs that would be of direct concern for electronics 
operating at high temperatures. The transistor high-fre- 
quency characteristics (i.e., f T and f max ) are essentially 
unchanged after either stress protocol, to within our mea- 
surement accuracy. Although we have not as yet measured it, 
given that this SiGe technology contains full-copper metal- 
lization, electromigration concerns at high temperatures are 
not expected to be a serious constraint for this technology, 
but nevertheless needs to be explored in more detail. 
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£ Low-Frequency Noise 

Low-frequency noise in transistors usually has a l//-like 
spectrum and sets the lower limit on the signal level, not 
only in the low frequency range, but also at high frequencies 
via the up-conversion to the carrier frequency through the 
nonlinearities of the device. Low-frequency noise is thus 
a crucial design issue in many analog and RF circuits and 
systems such as direct-conversion receivers, oscillators, and 
mixers. Being able to simultaneously achieve very small 
low-frequency noise and noise figure is one of the unique 
advantageous features of SiGe HBTs [1]. The input-referred 
base current noise spectra in SiGe HBTs operating at high 
temperatures with I B of 0.4 and 4 #*A was measured, and 
Fig. 27 shows Sj B at 10 Hz as the temperature increases. As 
can be seen clearly from the results, LFN actually improves 
with increased temperature— again, clearly good news. 

vn. Radiation Effects 

The "holy grail" in the realm of space electronics can be 
viewed as a conventional terrestrial IC technology with a 
SoC capability, which is also radiation-hard as fabricated, 
without requiring any additional (costly) process modifica- 
tions or layout changes. It is within this context that we dis- 
cuss SiGe HBT BiCMOS technology as potentially such a 
"radiation-hard-as-fabricatcd" TC technology with possibly 
far-ranging implications for the space community. 

A. DC Effects 

The response of SiGe HBTs to a variety of radiation types 
has been reported, including gamma rays, neutrons, and 
protons [7 1]-[77]. Since protons induce both ionization and 
displacement damage, they can be considered the worst case 
for radiation tolerance. For the following results, a relevant 
proton energy of 63 MeV was used. At proton fluences of 
xlO 12 p/cm 2 and 5xl0 13 p/cm a , the measured equiva- 
lent total ionizing dose (T1D) was approximately 135 and 
6759 krad(Si), respectively, the latter being far larger than 
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Fig. 28. Forward-mode Gurnmel characteristics of a 350-GHz 
SiGe HBT during radiation exposure. 

most orbital missions require, and hence is a worst case 
exposure level. . 

The typical response of a SiGe HBT to irradiation can 
be seen in Fig. 28. which shows typical measured Gurnmel 
characteristics of a fourth-generation SiGe HBT, both be- 
fore and after exposure to protons [71]-fT7]. As expected, 
the base current increases after a sufficiently high proton fai- 
ence due to the production of G/R trapping centers, and hence 
the current gain of the device degrades. There are two main 
physical origins of this degradation. The base current den- 
sity is inversely proportional to the minority carrier lifetime 
in the emitter, so that a degradation of the bole lifetime will 
induce an increase in the base current. In addition, ioniza- 
tion damage due to the charged nature of the proton fluence 
produces interface states and oxide trapped charges in the 
spacer layer at the emitter-base junction. These G7R centers 
also degrade I B , particularly if they are placed inside the EB 
space-charge region, where they will yield an additional non- 
ideal base current component (non-kT/q exponential voltage 
dependence). By analyzing a variety of device geometries, it 
can be shown that the radiation-induced excess base current 
is primarily associated with the EB spacer oxide at the pe- 
riphery of the transistor, as naively expected, and is hence the 
radiation response is dominated by ionization damage rather 
than displacement damage. The radiation-induced degrada- 
tion of the base current and current gain for four generations 
of SiGe technology are shown in Figs. 29 and 30. Less than 
30% degradation in peak current gain is observed across all 
four technology nodes, to 1.0 Mrad(Si) equivalent radiation 
levels, suggesting that SiGe HBTs are robust to TTD for typ- 
ical orbital proton fluences for realistic circuit operating cur- 
rents above roughly 100 j*A without any additional radiation 
hardening. These results are significantly better than for con- 
ventional diffused or even ion-implanted Si BJT technologies 
(even radiation-hardened ones). 

Of particular Interest is the inference of the spatial loca- 
tion of the proton-induced traps in these devices [73]. The 
existence of proton-induced traps in the EB space-charge re- 
gion is clearly demonstrated by the G/R-induced increase in 
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the nonideal base current component shown in the Oummel 
characteristics. The existence of radiation-induced traps in 
the collector-base space-charge region was verified by mea- 
suring the inverse mode Gummcl characteristics of the de- 
vice (emitter and collector leads swapped). In this case the 
radiation-induced traps in the CB junction now act as G/R 
centers in the inverse EB junction, with a signature non-kT/q 
exponential slope. Two-dimensional (2-D) simulations were 
calibrated to both measured data for the pre- and postirra- 
diated devices at a collector-base voltage of 0.0 V. In order 
to obtain quantitative agreement between the simulated and 
measured irradiated results, traps must be located uniformly 
throughout the device, and additional interface traps must 
be located around the emitter-base spacer oxide edge. Most 
of the radiation-induced recombination occurs inside the EB 
space-charge region, leading to a nonideal base current, as 
expected. 
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Fig. 3Z. Extracted minimum noise figure of a first-generation 
SiGe HBT us a function of proton fluence for multiple frequencies. 

B. AC Small-Signal and Noise Effects 

To assess the impact of radiation on the ac performance of 
the transistors, the S-parameters were measured to 40 GHz 
both before and after proton exposure [78]. From the mea- 
sured S-parameters, the transistor cutoff frequency as a 
function of bias current density can be extracted, and is 
shown for four technology generations in Fig. 31. Only 
a slight degradation in f T (and f^) is observed, the 
latter being expected from the minor increase of the base 
resistance with irradiation, due to either carrier removal, 
mobility/lifetime changes, or both. The broad-band noise 
performance of SiGe HBTs is critical for space-bome 
transceivers and communications platforms. As shown in 
Fig. 32 the minimum noise figure (NF m i„) degrades only 
slightly at 2.0 GHz in a first-generation SiGe HBT after an 
extreme proton fluence of 5 x 10 13 p/cm 2 (from 0.95 dB to 
a still-excellent value of 1.07 dB, a 12.6% degradation). 

SiGe HBTs have the desirable feature of low 1// noise 
commonly associated with Si bipolar transistors, which is of 
great importance because upconverted low-frequency noise 
(phase noise) typically limits the spectral purity of com- 
munication systems. Understanding the effects of radiation 
on 1// noise in SiGe HBTs thus becomes a crucial issue 
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for space-borne communications electronics. Physically. 
1// noise results from the presence of G/R center traps in 
the transistors, from which trapping-detrapping processes 
occur while carriers flow inside the device, thus modulating 
the number of carriers (and hence currents) to produce l/f 
noise. The prcirradiation low-frequency noise spectrum in 
these SiGe HBTs is typically Iff, with an 1% dependence, 
while Sj B x A E is almost independent of A E . The 1% and 
I/Ae dependencies of Sj„ are strong indicators of uni- 
formly distributed noise sources over the entire emitter area. 
After 2 xlO 13 p/cm 2 proton irradiation, the low-frequency 
noise spectrum in first-generation SiGe HBTs remains l/f 
in frequency dependence, and free of G/R (burst) noise, and 
at roughly the same noise magnitude (i.e.. no radiation-in- 
duced degradation), as can be seen in Fig. 33 [79]. 

C. Origin of Radiation Hardness 

We note that careful comparisons between identically fab- 
ricated SiGe HBTs and Si BJTs (same device geometry and 
wafer lot, but without Ge in the base for the epitaxial-base 
Si BJT), show that the extreme level of total dose tolerance 
of SiGe HBTs is not per se due to the presence of Ge [73]. 
That is, the proton response of both the epitaxial base SiGe 
HBT and Si BJT are nearly identical. We thus attribute the 
observed radiation hardness to the unique and inherent struc- 
tural features of the device itself, which from a radiation 
standpoint can be divided into three major aspects: 1 ) in these 
epitaxial base structures, the extrinsic base region is very 
heavily doped (> 5 x W* cm -3 ) and located immediately 
below the emitter-base (EB) spacer oxide region, effectively 
confining any radiation-induced damage, and its effects on 
the EB junction; 2) the EB spacer, known to be the most vul- 
nerable damage point in conventional BJT technologies, is 
thin ( < 0.20 pm wide) and composed of an oxide/nitride 
composite, the latter of which is known to produce an in- 
creased level of radiation immunity; and 3) the active volume 
of these transistors is very small (emitter stripe width We — 
0.5 urn, and base width W b < 150 nm), and the emitter, base, 
and collector doping profiles are quite heavily doped, effec- 
tively lessening the impact of displacement damage. We also 
note that these SiGe HBTs compare very favorably in both 
performance and radiation hardness with (more expensive) 
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GaAs HBT technologies that are often employed in space 
applications requiring both very high speed and an extreme 
level of radiation immunity (80]. 

D. Low-Dose-Rate Effects 

Within the past few years, a pronounced low-dose-rate 
sensitivity to gamma irradiation that is not screened by 
the current test methods for ionizing radiation has been 
observed in Si bipolar technologies. The enhancement in 
device and circuit degradation at low gamma dose rates has 
come to be known as enhanced low-dose-rate sensitivity 
(ELDRS) [81H83]. The ELDRS effect was first reported 
in 1991, which demonstrated that existing radiation hard- 
ness test assurance methodologies were not appropriately 
considering worst case conditions. The physical origins 
underlying ELDRS have been hotly debated for years, and 
numerous mechanisms proposed. Recent attempts to under- 
stand ELDRS include a model suggesting that the lower net 
radiation induced trapped charge density at high dose rates 
is a result of a space-charge phenomenon, caused by delo- 
calized hole traps which occur in heavily damaged oxides 
such as bipolar base oxides. These traps can retain holes 
on a timescale of seconds to minutes, causing a buildup 
of positive charge in the oxide bulk during high-dose-rate 
irradiation. This is in contrast to low-dose-rate irradiation, 
where the irradiation time is much longer, effectively al- 
lowing the holes in the trap centers to be detrapped. Thus, in 
the high-dose-rate case, the larger total trapped hole density 
forces holes near the interface to be trapped closer to the 
interface, where they can be compensated by electrons from 
the silicon. This lowers the resultant net trapped charge 
density. 

To assess ELDRS in first-generation SiGe tech- 
nology, low-dose-rate (0.1 rad(Si)/s) and higb-dose-rate 
(300 rad(SiVs) experiments were conducted using cobalt-60 
[84). As can be seen in Fig. 34, low-dose-rate effects in 
these first-generation SiGe HBTs were found to be nearly 
nonexistent, in striking contrast to reports of strong ELDRS 
in conventional Si bipolar technologies. We attribute this 
observed hardness to ELDRS to the same mechanisms 
responsible for the overall radiation hardness of the tech- 
nology and is likely more structural in nature than due to 
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any unique advantage afforded by the SiGe base. Interest- 
ingly, an anomalous decrease in base current was also found 
in these devices at low dose rates, suggesting that a new 
physical phenomenon is present at low dose rates in these 

E. SiGe HBT Circuit Tolerance 

For the successful deployment of SiGe technology into 
space-based systems, circuit-level radiation hardness is 
clearly more important than device-level hardness. As 
presented above, the TED device degradation is minor in 
the bias range of interest to most actual circuits (typically 
Ic > 100 fiA), In order to assess the impact of radiation 
exposure on actual first-generation SiGe HBT circuits, we 
have compared two very important, yet very different circuit 
types, one heavily used in analog ICs (the bandgap reference 
circuit), and one heavily used in RFICs (the voltage con- 
trolled oscillator) [85], [86]. Each circuit represents a key 
building block for realistic SiGe ICs that might be flown in 
space. Each of these SiGe HBT circuits was designed using 
fully calibrated SPICE models, laid out, and then fabricated 
on the same wafer to facilitate unambiguous comparisons. 
In addition, because any realistic RFIC must also necessarily 
include passive elements such as monolithic inductors and 
capacitors, we have also investigated the effects of proton 
exposure on an RF LC bandpass filter. As can be seen 
from the data (Table 2), the impact of even extreme proton 
Jluences has minimal effect on either the output voltage or 
temperature sensitivity of BGRs, the phase noise or tuning 
range of VCOs or passive elements, and is indicative of 
the overall robustness of this SiGe technology for analog 
and RF circuit applications. More recent work on radiation 
damage in 60-GHz millimeter-wave transceiver building 
blocks exhibits a comparable total dose robustness [87]. 

F. Single Event Upset (SEU) 

Clearly, a space-qualified IC technology must demon- 
strate sufficient SEU immunity to support high-speed circuit 



applications as well as possess total dose tolerance. It is well 
known that even III-V technologies that have significant 
TID tolerance often suffer from poor SEU immunity, par- 
ticularly at high data rates. Recently, high-speed SiGe HBT 
digital logic circuits were found to be vulnerable to SEU 
at even low linear energy transfer (LET) values [88H90]. 
In addition, successfully employed III-V HBT circuit-level 
hardening schemes using the current-sharing hardening 
(CSH) technique were found to be ineffective for these SiGe 
HBT logic circuits (Fig. 35). To understand single event 
effects in SiGe HBTs, one must use calibrated 2-D/three-di- 
mensional (3-D) device simulation to assess the charge 
collection characteristics of SiGe HBTs. These device-level 
simulation results can then be coupled to circuit-level 
modeling to better understand circuit-level mitigation ap- 
proaches- From a device perspective, it is important to first 
assess the transistor charge collection characteristics as a 
function of terminal bias, load condition, substrate doping, 
and ion strike depth [91], [92]. Bias and loading conditions 
were chosen to mimic representative circuit conditions 
within an actual ECL/CML digital circuit. Fig. 36 shows the 
charge collected by the collector versus time for different 
RC loads. The base and emitter terminals were grounded, 
the substrate bias was -5.2 V, the collector was connected 
to ground through an RC load, and the substrate doping was 
5 xlO 18 cm -3 . A uniform LET of 0.1 pC//um (equivalent 
to 10 McV-cm 2 /mg) over 10 ro depth was used, which 
generates a total charge of 1.0 pC. The results clearly show 
that charge collection is highly dependent on the transistor 
load condition (i.e., circuit topology). As the load resistance 
increases, the collector-collected charge decreases. Note, 
however, that the emitter-collected charge increases corre- 
spondingly. The underlying physics is that more electrons 
exit through the emitter, instead of the collector. A larger 
load resistance presents a higher impedance to the electrons 
at the collector, and thus more electrons exit through the 
emitter. The collector of the adjacent device only collects 
a negligible amount of charge, despite the transient current 
spikes of the strike. Nearly all of the electrons deposited 
are collected by the collector and the emitter, although the 
partition between emitter and collector collection varies 
with the load condition. The impact on the SiGe base layer 
on the charge collection properties is a secondary effect. 

To better understand circuit-level SEU response, we com- 
bined these simulated current-time profiles with circuit-level 
modeling on different SiGe HBT latch architectures [93]. 
Clear differences in SEU response can be observed be- 
tween various latches (a brute-force NAND implementation 
being best, and the popular master-slave configuration 
being worst). This modeling methodology suggests that 
circuit-level mitigation techniques should be useful in SEU 
hardening of SiGe HBT logic, albeit at some level of addi- 
tional power dissipation and circuit complexity. A potential 
SEU-hardening approach has been recently discussed in 
[94], but clearly more research is needed in the area of 
SEU mitigation before widespread deployment of SiGe cir- 
cuitry in space is attempted, and that work is (aggressively) 
ongoing. 
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Vin. CONCLUSION 

"Extreme environments" represents an important niche 
market for electronics and spans the operation of electronic 
components in surroundings lying outside the domain of 
conventional commercial, or even military, specifications. 
Such extreme environments would include, for instance, op- 
eration to very low temperatures (e.g., to 77 K or even 4.2 K), 
operation at very high temperatures (e.g., to 200 °C or even 
300 °C), and operation in a radiation-rich environment (e.g., 
space). We have argued that the unique bandgap-engineered 
features of SiGe HBTs offer great potential to simultane- 
ously satisfy all three extreme environment applications, 
potentially with little or no process modification, ultimately 
providing compelling cost advantages at the IC and system 
level. 

The relevant industrial and government drivers in the 
extreme environment electronics community are beginning 
to perk up their ears to the possibilities of SiGe technology, 
especially so for space electronics. These customers are in 



turn approaching the SiGe foundries for these types of needs, 
and beginning to actually design and build SiGe ICs with an 
end goal of system insertion in mind. Defense and govern- 
ment funding agents are supporting the effort. These arc all 
clearly good signs. This is not to say. however, that the battle 
is won. Much remains to be done in the research arena. As 
argued here, many "proof-of-concept" measurements have 
been conducted demonstrating the efficacy of SiGe HBTs 
for the radiation environment, cryogenic electronics, and 
high temperature. As anyone in industry knows, however, 
going from proof-of-concept to system-level products is 
a very different thing. "Open issues" in the field of SiGe 
for extreme environment electronics that require attention 
include the following. 

• While many device-level demonstrations have been 
published, more circuit-level demonstrations need to 
be conducted to explore the complex interaction space 
between devices in circuits in extreme environments. 

• New circuit design techniques are needed for devel- 
oping mixed-signal electronics that will function not 
just at 77 K or at 200 °C, but from 77 K to 200 °C 
These are very different circuit design problems. When 
one throws in the added variable of desiring operation 
from 77 K to 200 °C, but now in a radiation environ- 
ment, you have an even more serious design challenge. 
These aspects have only begun to be addressed, and 
will require dedicated effort. 

• Reliability at cryogenic temperatures must be explored 
in more detail. Particularly in scaled SiGe HBTs, new 
impact ionization triggered device degradation mech- 
anisms have been observed and should give pause for 
thought in low-temperature conditions where carrier 
mean free path lengths are considerably longer. 

• Reliability at high temperatures must be explored in 
more detail. While 200 °C may be currently manage- 
able, changes to interconnect and metallization chem- 
istry at 300 °C is a valid concern. 
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• SEU is perhaps the most looming Achilles' heel for 
SiGe in space applications. While this is largely a con- 
cern for digital logic at present, transient phenomena in 
analog and RF blocks is clearly also something to be 
worried about. Dedicated research aimed at mitigation 
SEU approaches is heavily underway and must be re- 
lentlessly pursued untQ acceptable solutions are found. 
We should note that SiGe HBT technology fabricated 
on SOI substrates should in principle offer significant 
leverage in the context of SEU mitigation for SiGe 
(and also offer potential advantages for high-temper- 
ature operation as well). There have, in fact, been re- 
cent (encouraging) radiation results presented on SiGe 
HBTs fabricated on both thick-film and (SOI CMOS- 
compatible) thin-film SOI substrates [95], [96]. This 
SiGe-on-SOI SEU mitigation path clearly has some 
cost disadvantages associated with it, but is worthy of 
attention, especially if SEU mitigation paths in bulk 
SiGe technologies prove overly challenging. 

. Given that the CMOS side of SiGe HBT BiCMOS 
technology is a compelling advantage for highly in- 
tegrated (SoC) systems, more work is needed on the 
CMOS components for extreme environments, partic- 
ularly as a function of technology scaling. What may 
look good at first generation may not look so good at 
third generation. 

• Design tools for robust circuit design for extreme envi- 
ronments is painfully lacking at present. Even foundry- 
available device compact models are typically only 
valid over the mil-spec temperature range (at best) and 
do not include radiation effects. System-level design 
and optimization tools are virtually nonexistent 

• Finally, we have made little mention here of the 
packaging and testing needs to support extreme en- 
vironment electronics. There are no systems without 
robust packages or means to test the packaged parts, 
and this will require significant effort given the often 
large thermal mismatch between commonly used 
packaging materials. 

Are these "open issues" potential show-stoppers7 Probably 
not. Do they need to be solidly addressed by the community 
as deployment of SiGe technology for extreme environment 
applications accelerates, Absolutely. Let the games beginl 
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